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A Computer-Simulation Model 
for AOD Process Control 
by . 
T. A. Castle 
"   ,   ' Abstract 
A computer-simulation model of the AOD process 
for refining stainless steel has been developed and tested, 
in an effort to increase productivity and decrease operating 
costs through better process control.  The simulation pro- 
gram, which was based on a reaction model for decarburiza- 
tion of stainless steel developed by Fruehan, was designed 
to predict the' temperature, weight, and chemical composition 
of the molten steel bath as a function of time, given the 
initial conditions and the procedure used to refine the 
heat (e.g., length of each refining step; process gas flow 
rates used; compositions and amounts of scrap, fluxes, and 
alloying materials charged) . ..■,'■' 
In order to verify the predictive ability of the 
model, multiple temperature measurements and steel samples 
were taken during the processing of twelve production heats 
of Grade 409 ferritic .stainless and six heats of Grade 316 
austenitic stainless steel in the AOD vessel at United 
States Steel's South Works.  Data from the eighteen heats 
were compared with data from computer-simulations of each 
heat.  Because the molten metal charge temperature and 
chemical composition were found to change significantly in 
transferring between the electric arc furnace and the AOD 
vessel/ it was necessary to take the results of a sample 
from the vessel in order to obtain accurate initial condi- 
tions for process control calculations.  Good agreement was 
obtained between the predicted and observed values of bath 
temperature and chemical composition during the refining of 
two distinctly different grades of stainless steel. 
The report contains an^ example of the predictions 
of bath temperature and chemical composition during refining 
of a heat of Grade 4 09 stainless steel.  Information of 
this type generated by the simulation model could enable 
one to choose an optimum method of process operation from 
among several alternatives. 
«> 
Introduction 
Every modern steelmaking firm operates with the 
objectives of producing a superior product with the smallest 
possible expenditures of time and material per ton of 
output.  The rapid growth in use of Union Carbide's AOD 
(Argon-Oxygen Decarburization) process for alloy steel- 
making, from its inception at Joslyn Stainless Steels in 
1968 to its present pre-eminent position in stainless steel 
manufacturing (75% of world stainless steel production in 
1978  ), provides an excellent current example of the 
productivity gains made possible by the aggressive develop- 
2-4) 
ment of an innovative process.     The application of 
., computerized charge control techniques to AOD operation 
likewise has the potential to increase productivity by 
promoting the most efficient uSe of capital equipment, 
manpower, and raw materials.  In order to successfully 
implement a charge control program for AOD, shop operators 
must first be able to predict the operating behavior of the * 
process with consistent accuracy.  To achieve this end it 
is useful to construct a model based upon the fundamental 
physico-chemical laws which govern the workings of the 
process; control algorithms for the operation of the AOD 
vessel can be based upon the information derived from such 
3 
a model.  A mathematical model developed for use as an AOD 
process control tool is described in this thesis. 
Description of the AOD Process 
In the AOD process, a stainless steel charge is 
melted in an electric furnace and then transferred to a 
separate refining vessel shaped like an oxygen converter. 
(See Figure 1).  Oxygen and an inert diluent gas (usually 
argon, but both ndtrogen and steam have been used) are 
simultaneously injected into the molten metal through 
tuyeres.  As in the basic oxygen process, heat is generated 
by the oxidation of carbon, silicon, and certain metallic 
elements such as iron, chromium, and manganese.  Charging, 
refining, sampling, and tapping are carried but in a 
manner reminiscent of BOP operation. 
Stainless steel manufacturers have found that 
they can increase productivity and improve product quality 
while decreasing unit costs by refining steel in the AOD 
vessel rather than in the electric furnace.  The major 
advantages of AOD include the following: 
1.  The process allows rapid oxidation of carbon 
to very low levels with only slight losses of valuable 
metallics.  This makes it possible to charge low-cost, 
high-carbon ferroalloys at the beginning of an AOD heat. 
. 4 
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Figure 1. The AOD Vessel. 
(Courtesy Linde Division, 
Union Carbide Corporation) 
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A typical charge of stainless steel which contains 1.0 per- 
cent carbon and 18 percent chromium can be refined to 
0.015 percent carbon and 16 percent chromium.  (All chemical 
compositions expressed in weight percents).  Most of this 
2 percent loss of chromium can be recovered by adding 
ferrosilicon as a slag reduction mix.  Chromium recovery of 
97 percent in the AOD process is normally achieved in 
practice. 
2. Productivity of the electric furnace is 
increased by effectively halving the holding time for steel 
in the furnace.  Both the electric furnace and the AOD 
vessel are engaged solely in the operations each performs 
best (melting and refining, respectively).  The cost of 
furnace refractories, electrodes, and electric power per 
ton of steel also decreases due to shortened holding times. 
3. The AOD process is capable of highly repro- 
ducible and consistent operation.  Charging, refining, 
sampling and finishing steps are carried out efficiently 
with greater control over temperature and steel chemical 
composition. 
4..  Steel made by the AOD process has demonstrated 
excellent cleanness,   approaching that of vacuum-degassed 
steels.  Dissolved gases such as nitrogen, hydrogen, and 
6 
oxygen are scavenged by the effervescence of carbon monoxide 
and argon bubbles throughout the bath.  In addition, the 
AOD can remove sulfur to very low levels using a double- 
slag practice. ' 
Benefits of Process Control for AOD. 
The full cost advantages offered by AOD- may not 
be realized, and may in fact become liabilities, if strict 
control over operating practice and raw material usage is 
not maintained.  By developing methods for controlling the 
temperature and chemical composition of steel refined in 
the AOD vessel, the following benefits may be realized: 
1. Production rate can be increased and costly 
argon can be conserved by avoiding time-consuming endpoint 
chemistry and temperature corrections at the end of a heat. 
2. Refractory consumption per ton of steel can 
be decreased by curbing excessively high temperatures and 
sudden temperature changes, by improving slag practices, 
and by decreasing the holding time and number of turndowns 
per heat. 
3. The quality of the finished product can be 
improved when control.over the steel chemical composition 
is improved.  The ability of the AOD process to easily 
remove carbon, sulfur, nitrogen, and hydrogen allows the 
use of a wide range of less-costly raw materials not 
usable in other processes.  Nitrogen, for.example, may be 
substituted for argon as a diluent gas and then purged 
during the usual brief argon stirring period at the end of 
a heat.  Certain elements such .as copper are not easily 
removed during AOD refining; these must be controlled 
through scrap sorting and accurate charge material analysis 
and weighing. 
4.  Process yield of metallics may be increased 
through improved control of the refining and reduction 
steps.  The size of butts (partial ingots which are too 
small to roll) may be decreased and the yield of rollable 
ingots increased by accurate knowledge of the heat weight 
and judicious control over coolant and alloying additions. 
•i *  « 
Requirements for Successful Process Control. 
It is useful to draw upon the large store of 
experience in basic oxygen process control generated over 
<« 
5-7) the past twenty years.  Many investigators    have found. 
that the following actions are necessary in order to 
successfully control pneumatic steelmaking: 
1.  A mathematical model of the process must be 
. constructed.  The model must be capable.of describing!the 
variation of process output variables (e.g., steel 
8 . ;      • 
m 
temperature, chemistry, weight) with changes in input 
variables (temperature, weight, chemical composition of all 
charge materials; operating practices).  Such a model is 
usually based upon the physical laws of energy and mass 
conservation and transport which describe the workings of 
the process.  An alternative is to create a purely statis- 
tical model, where the relative effects of process inputs 
are determined from large volumes of past operating data. 
2.  The shop operators must be able to accurately 
determine the values of all inputs to the process.  for AOD 
operation, this includes accurate weights, chemical composi- 
tions, and temperatures of the molten charge, steel scrap, 
alloying additions, and fluxes.  If all significant inputs 
are not carefully measured, the information computed from 
the mathematical model will be unreliable, and process 
control will be generally unsuccessful. 
3..  In order to minimize the inevitable effects 
of variables which remain unexplained, it is desirable to 
operate the process as reproducibly and consistently as 
possible, heat after heat, using the best available prac-' 
tice.  As an example, minimizing the chemical composition 
variations between lots of high-carbon ferrochrome will 
make the job of hitting the carbon and chromium aims much 
easier. 
4.  Finally, the most successful process control 
is achieved in shops whose operating personnel have the 
desire to make their control system work.  Personnel 
should be carefully trained in the use of- the control 
system and its capabilities.  Operators should also be made 
aware that the system is a tool which can, if used consis- 
tently, increase the productivity of their shop; it is not 
intended as a replacement for the operator's good judgment 
and common sense.  Operators, in fact, can provide invaluable 
assistance in."tuning" the model for greatest predictive 
accuracy. 
Scope of the Project.  Models for AOD process 
control have been installed in several shops; many of these 
have been based on the assumption that thermochemical 
equilibrium is attained and maintained during the pro- 
'8' 9) 
cess. '    Frequent discrepancies between equilibrium 
calculations and actual operating data have been encounter- 
« * 
ed, suggesting' that it i"s in fact necessary to consider the 
rates of reactions in AOD and their dependence on the rate 
of transport of chemical species during refining.  The 
objective of the present work was to develop and test a  • 
10 
mathematical model, based on well-documented, more funda- 
mentally satisfactory kinetic principles of thermochemistry, 
that could be incorporated into a process control scheme. 
Development of a Model for AOD Process Control 
Decarburization in the AOD Vessel. 
The chief advantage of AOD over electric furnace 
steelmaking lies in the former's ability to preferentially 
oxidize carbon with only slight oxidation of metallic 
alloying elements such as chromium.  This ability can be 
better understood by examining the equilibrium controlling, 
oxidation of carbon and chromium dissolved in molten iron: 
Cr2Q3(s) + 3C = 2Cr' + 3C0(g) (1) 
The choice of Cr 0. as the equilibrium chromium oxide at 
steelmaking temperatures has been debated, but a number of 
laboratory and plant studies  '    have identified Cr 0. in 
steelmaking slags, along with some mixed oxides in which 
+3 . Cr  is the oxidation state in equilibrium with Fe-Cr-O- 
(saturated) alloys.  The following thermodyn.amic relationship 
may be written for Reaction (1) at equilibrium at temperature 
/ 
11 
2      3 (a  r (P_n) 
AG°  = -RT In    ^ ^2 (2) 
(a
 
}
  
(aCr 0 } C     2°3 
where 
AG°  = standard free energy of Reaction (1) at 
temperature T 
R.= the gas constant 
a. = the Raoultian activity of species i 
P. = the partial pressure of species j 
Dennis and Richardson   calculated and measured the 
equilibrium compositions of Fe-Cr-C alloys at varying 
temperatures and partial pressures of CO, and made four 
specific recommendations for maximizing chromium recovery 
during refining of stainless steel. . 
(1) Utilize a small volume of slag in which 
Cr 0  solubility is low. 
(2) Operate at high temperatures. 
(3) Reduce the partial pressure of CO in the 
bath.  This may be done by reducing the total pressure 
above the bath, or by diluting the CO evolved with an inert 
gas. 
(4) Ideally, the other elements present in the 
melt should raise the carbon activity coefficient and/or 
lower the chromium activity coefficient. 
12 
The effect of any one of these actions is to 
increase the ratio a  /a  in equilibrium in solution at the 
cr  c 
temperature T.  The slag chemistry, metal chemistry, and 
maximum operating temperature are generally constrained by 
economic factors of operating efficiency, product quality, 
and refractory capabilities.  The AOD process creates 
favorable conditions for deparburization by injecting an 
inert gas into the molten metdl,   thereby diluting the CO in 
the bath. 
The carbon-chromium equilibrium relationships are 
an aid in understanding the principles behind AOD operation. 
Recent laboratory and plant investigations have shown, 
however, that Reaction (1) does not attain equilibrium 
12 13) • during AOD refining.  '     Specifically, chromium oxidation 
occurs at higher carbon levels than expected for a given 
13) temperature and P  .  Fruehan   measured the rates of 
^ CO 
chromium and carbon oxidation in shallow Fe'-Cr-C melts into 
which 0_-Ar mixtures were injected.  He found that even in 
the shallow melts nearly all the oxygen was consumed, and 
that chromium was oxidized much faster than carbon.  From 
this it was concluded that in the tuyere zone of the AOD 
vessel most'of the oxygen combines with chromium initially, 
and as the Cr_0 rises in the bath with the argon bubbles, 
13 
it is reduced by carbon in accordance'with Reaction (1). 
The rate of this reaction appears to be controlled by the 
mass transfer of carbon from the bulk metal to the melt- 
bubble interface.  Using these findings, Fruehan developed 
a reaction model to predict the rat.es of carbon and chromium 
12) 
removal during the AOD process. 
Fruehan's reaction model is based upon the 
first-order reaction mechanism for decarburization described 
above.  The average decarburization rate is represented as: 
**£. = - a [%C - %ce] (3) 
where 
a = an empirically determined rate parameter. 
%C = the.time-dependent average bath carbon 
\ x content. 
%C = the average carbon content in local equilib- 
rium with the average chromium content and 
> 
average P in the gas bubbles. 
The rate parameter a for such a reaction mechanism equals 
A pm/W, where A is the total bubble surface area, p and W 
are the density and weight of the bath, respectively, and 
ITT is the average mass-transfer coefficient for carbon. The 
.rate parameter is expected to be relatively temperature- 
independent if the rate is mass-transfer controlled.. 
14 
For a typical dilute solution of carbon in iron, 
the local equilibrium carbon concentration is represented 
as: 
/<a„ )2/3 (102) M \ 
%Ce = -173 ^ • PC0 <4) 
where 
a  = average chromium actiyity in the bath Ct • 
relative to pure solid chromium. 
M. = atomic weight of species i. 
Y = activity coefficient of carbon relative 
C 
to graphite. 
P  = average CO partial pressure in the swarm 
CO 
of bubbles. 
K = equilibrium constant for Reaction (1) at 
the bath temperature. 
The average value of P   is: 
CO 
"*»     ,_ 
where 
GO   N   + N   T CO   Ar 
N'. = molar flow rate of species i. 
1 , 
P  = average total pressure of the gas bubbles. 
The molar flow rate of CO is: 
CO      dt 100 M l ; 
C 
By combining equations (3), (4), (5) and (6) a first-order 
quadratic differential equation is obtained: " 
15 
d%C 
cut 
= - a %C + 
(a„ ) / W Pm 
,1/3 .. dt K M, Fe 
N. w  d%c Ar 100 M   dt 
C 
(7) 
Equation (7) is valid for any first-order reaction mechanism 
as long as sufficient chromium oxide is provided to oxidize 
the carbon transported to the bubble surface.  At high 
carbon levels or low 0„ flow rates, the amount of oxygen in 
the form of Cr 0  is often insufficient to oxidize all the 
available carbon.  In these cases the decarburization rate 
is determined by the 0„ flow rate: 
(2) (100)M N 
d%C 
dt 
0. 
(8) 
W 
The actual decarburization rate is therefore the slower of 
12) the two rates predicted by Equations (7) or (8). 
A first-order reaction mechanism for decarburiza- 
tion has also been assumed in recent reaction models by 
i c -I gs 1718) 
Szekely and Asai,  '    and by Deb Roy et al.  '    The 
Asai,-Szekely model did not explicitly consider a reaction 
sequence or possible rate-controlling mechanisms.  The 
Deb Roy model acknowledged a reaction mechanism proposed by 
19) 
Sevinc and Elliott   in which the decarburization rate is 
16 
limited by the mass transfer of dissociated 0 in the bulk 
metal.  The reaction mechanism is similar to the one proposed 
by Fruehan in that solid Cr 0  is assumed to react with 
dissolved carbon.  Results of all three reaction models 
showed promising agreement with the few data then available 
on decarburization of stainless steel melts. 
Oxidation of Other Elements. 
 * <^ 
In formulating mass and energy balances for the 
AOD process, it is necessary to account for all the oxygen 
consumed or liberated in reactions with bath constituents. 
The primary elements which are oxidized in the AOD vessel 
are carbon, manganese, silicon, chromium, and iron.  In 
AOD, as in other pneumatic steel-making processes, it 
appears that silicon is thoroughly removed before appreci- 
able carbon oxidation occurs.  Manganese, on the other 
hand, is only partially oxidized. - Its distribution between 
metal and slag depends upon the state of oxidation of both 
the slag and the molten metal.    Data from a small pilot 
20) 
oxygen converter   showed that silicon and manganese were 
V 
rapidly removed early in the blow, while carbon was removed 
much more slowly.  The decarburization rate increased after 
the rates of removal of silicon and manganese decreased, 
suggesting that oxygen for decarburization is more readily 
17 
available after silicon and manganese are removed to their 
respective levels.  Similarly, as long as the rate of 
oxygen supplied limits the decarburization reaction, the 
rates of oxidation of chromium and iron are very small. 
When the mass-transfer of carbon becomes the rate-limiting 
step, excess oxygen in the form of iron and chromium oxides 
enters the slag.  It has been observed that about nine- 
tenths of the.excess oxygen goes to form chromium oxides, 
12) the other tenth toward forming iron oxides. 
While the chromium loss to the slag typically 
amounts to only a 2 percent decrease, this represents 
4000 pounds (180p—kg) of chromium lost from a 100 ton 
(90 tonne) heat.  A cost penalty for over-oxidation of 
metallics manifests itself in the form of increased amounts 
of ferrosilicon required after refining is complete.  The 
additional silicon in solution reduces chromium, manganese, 
and iron oxides in the slag and also replaces silicon lost 
in the beginning of the refining step.  Recovery efficiency 
for chromium and manganese in the AOD vessel usually 
exceeds 95 percent as a result of adding a reduction mix. 
Certain metallic elements found in stainless 
steels, such as nickel, molybdenum and copper, are not 
normally oxidized in the AOD.  In steels with maximum 
18 
specifications for these elements, it is necessary to 
prevent them from entering the vessel by sorting scrap and 
maintaining strict control over scrap additions. 
Although phosphorus oxidation is significant in 
the mass balance of the BOF, the element is rarely present 
in sufficient amounts to affect the oxygen utilization and 
heat evolution in AOD refining.  Sulfur is not removed from 
the process by oxidation, but rather by combining with slag 
constituents during refining of the bath. 
Use of Nitrogen in the AOD Process. 
Nitrogen has been substituted for argon as the 
carbon monoxide diluent in the AOD vessel.  Nitrogen is 
less expensive per unit than argon, but its use poses 
unique problems.  Unlike argon, which is completely inert 
and insoluble in liquid steel, nitrogen both dissolves in 
and reacts with alloying elements in the bath to form 
nitride inclusions.  A certain level of nitrogen is desir- 
able in 300-series stainless steels in order to increase 
yield strength.  Not all stainless steels, however, utilize' 
nitrogen as a strengthening; addition.  In these grades it 
is necessary to purge the bath of nitrogen dissolved in the 
steel during the period when nitrogen was substituted for 
argon. 
19 
^ 
The rate of nitrogenation of stainless steel has 
21) been shown by Fruehan   to be controlled by liquid-phase 
mass transfer through a boundary layer near the liquid-gas 
bubble interface, and by a slow chemical reaction at the 
interface, in series.  The kinetics of the interface 
reaction had been thought to be first-order, but recent 
laboratory work has detected a second-order dependency on 
22) 
nitrogen content.    The nitrogenation rate is also sensi- 
tive to the presence of certain surface-active elements 
such as oxygen and sulfur at the liquid-gas bubble inter- 
face.  These elements impede the dissolution of nitrogen by 
*. i • 4-     4-- 23,24) taking up vacant reaction sites. 
At the end of decarburization in the AOD, pure 
argon is used to stir the bath as the reduction mix and 
other additions such as coolant scrap are added.  The 
effect of stirring with argon- is to purge the bath of all 
dissolved gases, including nitrogen, to very low levels. 
- «      * 
A series of equations for computing the-rates of addition 
23) 
or removal of nitrogen is available;    although based on 
first-order kinetics, the equations have been shown to be 
useful for predicting the level of nitrogen dissolved in 
stainless steels. 
20 
Computer Simulation of AOD Refining 
As part of the groundwork for implementation of 
a computerized charge control program at United States 
Steel's South Works AOD facility, a mathematical model of 
the process was constructed from the available information 
on thermochemical and kinetic behavior within the AOD 
vessel.  The program is based upon the reaction model by 
12) 
Fruehan   for decarburization of stainless steel, and 
utilizes numerical integration techniques to solve the 
differential equations contained in heat and mass balances 
for the process.  Values of chemical composition, weight, 
and temperature of the bath are calculated as a function of 
time, based on the values of input parameters to the 
process (i.e., molten charge weight, composition and temper- 
ature; weight and composition of solid charge materials; 
process gas flow rates; sequence of operating practice 
20) 
steps).  A similar approach was taken by'Weeks   in a 
dynamic simulation of the basic oxygen steelmaking process. 
The model was designed to simulate each step in 
the refining of an AOD heat, from immediately after charging 
to immediately after slag reduction.  The model provides 
the capability to input initial conditions, select the 
length of each blowing step, change the process gases used 
21 
and the flow rates of each, make alloying and cooling 
additions, and recover oxidized metallics by adding a 
reduction mix.  The simulation model is suitable for ob- 
serving the effects of changes in operating practice on the 
bath temperature and chemical composition as a function of 
time,- in lieu of attempting such experimentation on a 
production heat of stainless steel.  Improved operating 
strategies may be planned using the simulation model as a 
predictive tool.  In addition, the basic reaction model can 
be incorporated into a process control system to calculate 
the operating steps necessary to make a heat of steel with 
the desired final temperature and chemical composition. 
A detailed description of the computer simulation 
model is presented in the Appendices.  In general, the 
model consists of four operating sections: 
1. Input/output of process information. 
2. A numerical integration routine for solving 
the differential equations describing decarburization, 
Equations (7) and (8). 
3. A mass balance which keeps track of all 
significant materials in the process as a function of time. 
4. A heat balance for,calculating the bath 
temperature as a function of time. 
22 
Experimental Procedure 
Experimental data were obtained from eighteen 
commercial heats of stainless steel produced at United 
States Steel's South Works AOD facility, as part of the 
charge control model development program.  Bath temperature 
measurements and steel samples were obtained, using stan- 
dard production sampling equipment (thermocouples manufac- 
tured by Electro-Nite; "lollypop" sample lances by Batesco 
of Gary, Indiana), at various times during the AOD refining 
period.  Sampling took place at the following times and 
locations: 
1. In the electric arc furnace just prior to 
tapping the molten charge. 
2. In the transfer ladle immediately after tap- 
ping the electric arc furnace. 
3. In the AOD vessel immediately after charging.. 
*4.  In the vessel after various stages of refin- 
ing, and also after stirring-in coolant scrap and alloying' 
additions. 
Twelve of the eighteen heats were of grade 409 stainless 
steel; the remainder were grade 316 stainless.  Fifteen of 
the eighteen heats were blown with 0 /N;j mixtures in the 
beginning of refining, and with 0„/Ar mixtures at the end 
23 
of refining.  The remaining heats were blown with 0 /Ar 
mixtures exclusively. 
Operating data from the experimental heats were 
later compared with data from computer simulations of each 
heat.  The chemical composition of the steel sample taken 
after charging the vessel was used as the initial model 
chemical composition before refining.  Data from production 
heat logs on charge weight, process gas flow rates, refining 
times, additions of solid charge materials, and other 
operating information were used to re-create the conditions 
of each heat using the computer simulation program.  The 
resulting predictions of temperature, bath weight, and 
steel composition were compared to the* actual measurements 
from the AOD vessel. 
Results and Discussion 
Importance of an Initial Sample from the Vessel. 
Table 1 contains results of temperature measure- 
ments! and chemical analyses of the steel samples taken from 
the electric arc furnace, transfer ladle, and AOD vessel 
before refining each experimental heat.  In order to predict 
accurately   the temperature and chemical composition of 
the bath, a process control system requires accurate initial 
values of the quantities to be predicted.  It would be more- 
24 
convenient to take the initial sample in the electric arc 
furnace rather than in the ladle or vessel, because taking 
the sample would not delay the transfer of rapidly-cooling 
steel to the vessel.  A cooling rate of 5-10 °F/min (2-6 K/ 
min) was observed once the molten charge was tapped into 
the transfer ladle; after an average slagoff and transfer 
period of 15 minutes, a heat of 316 stainless steel whose 
temperature in the ladle is 2930°F (1610°C) could (and 
often does) have a temperature as low as 2780°F (1525°C). 
At this temperature the slag is very crusty and the metal 
is uncomfortably close to the freezing point. 
The data also show, however, that the conditions 
measured in the arc furnace do not accurately reflect the 
initial conditions of refining in the AOD vessel.  Tempera- 
ture and steel chemical composition varied significantly 
between the arc furnace and the vessel.  The level of sili- 
con in the metal decreased in general, probably due to oxi- 
dation in air during tapping and charging.  Ferromanganese 
was often added to the steel in the transfer ladle.  The 
temperature and chromium content varied without pattern 
between arc furnace and vessel.  Only the carbon content 
remained relatively stable between arc furnace and vessel. 
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Table I 
Changes in Temperature and Chemical Composition Between 
Arc Furnace. Transfer Ladle, and Vessel Samples 
Elapsed Time, Temperature 
3E4416 
min °F °C C Mn Si Cr 
Heat 
Arc 0 3010 1655 0.54 0.48 0.28 17.78 
Ladle 46 2935 1615 0.54 0.46 0.08 17.63 
Vessel %  65 2760 1515 0.55 0.46 <0.03 17.82 
Heat 3E4444 
Arc 0 2955 1625 0.46 0.29 0.23 8.59 
Ladle 11 2965 1630 NA NA NA NA 
Vessel 25 2860 1570 0.48 0.03 0.03 8.87 
Heat 3E4445 
Arc 0 2970 1630 0.60 0.29 0.26 9.01 
Ladle 10 2960 1625 0.58 0.52 0.11 9.80 
Vessel 27 2830 1555 0.56 0.51 0.06 9.28 
Heat 3E4451 
Arc 0 3020 1660 0.51 0.30 0.10 10.50 
Ladle 9 2920 1605 0.51 0.43 0.07 10.13 
Vessel 25 2810 1545 0.51 0.42 <0.03 9.96 
Heat 3E4452 
Arc 0 3110 1710 0.47 0.24 0.05 10.46 
Ladle 15 2990 1645 0.47 0.45 , ,  0.03 10.65 
Vessel 31 2860 1570 0.47 0.43 0.04 10.63 
Heat 3E4457 
Arc 0 2975 1635 0.53 0.30 <0.03 9.02 
Ladle 9 2905 1595 0.51 0.36 <0.03 9.15 
Vessel 22 2810 1545 NA NA NA NA 
Heat 3E4458 
Arc 0 NA NA 0.53 0.28 <0.03 9.63 
Ladle 11 2920 1605 NA NA NA NA 
Vessel 24 2815 1545 0.62 0.35 <0.03 9.65 
(Continued) 
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Table I (Continued) 
Elapsed Time,  Temperature 
min        °F    °C Mn Si Cr 
Heat 3E4498 
Arc 0 2950 1620 0.89 0.30 0.19 9.81 
Ladle 11 2880 1580 0.71 0.58 1.28 10.18 
Vessel 27 2800 1540 0.66 0.51 0.22 10.72 
Heat 3E4499 
Arc 0 2970 1630 0.52 0.24 0.18 8.85 
Ladle 7 - 2890 1590 0.56 0.39 0.06 9.52 
Vessel 21 2750 1510 0.50 0.39 0.04 9.22 
Heat 3E4506 
Arc 0 2910 1600 0.80 0.34 0.26 10.39 
Ladle 11 2905 
• 
1595 0.77 0.50 0.08 10.23 
Vessel 41 2770 1520 0.75 0.48 0.05 10.28 
<• 
Heat 3E4507 
Arc 0 2930 1610 - 0.71 0.30 0.24 10.74 
Ladle 18 2890 1590 0.68 0.68 0.11 10.41 
Vessel 32 2765 1520 0.68 0.64 0.04 10.63 
Heat 3E4512 
Arc 0 NA NA NA NA NA NA 
Ladle 11 2820 1550 0.64 0.48 0.14 8.58 
Vessel 29 2725 1495 NA NA NA NA 
Heat 3E4513 - 
Arc 0 2895 1590 0.63 0.25 0.05 7.93 
Ladle 8 2880 1580 0.56 0.60 0.06 8.08 
Vessel 25 2785 1530 0.52 0.54 <0.03 8.28. 
Heat 3E4521 
* 
Arc 0 2930 1610 0.36 0.66 0.14 15.69 
Ladle 10 2930 1610 0.35 0.70 0.24 15.28 
Vessel 25 2760 1515 
i 
0.36 0.71 0.03 15.35 
Heat 3E4522 
Arc 0 3120 1715 0.34 0.54 0.06 16.61 
Ladle 44 2920 1605 0.36 0.55 0.20 16.57 
Vessel 67 2760 1515 0.36 0.56 <0.03 16.90 
(Continued) 
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Table I  (Continued) 
Elapsed Time, 
min 
Temperature 
°F    °C C Mn Si Cr 
Heat 3E4524 
Arc 
Ladle 
Vessel. 
0 
36 
57 
3100 
2935 
2810 
1705 
1615 
1545 
0.73 
0.67 
0.66 
0.69 
0.62 
0.57 
0.23 
0.27 
0.04 
17.32 
16.55 
15.50 
Heat 3E4525 
Arc 
Ladle 
Vessel 
0 
19 
31 
3090 
2950 
2830 
1700 
1620 
1555 
0.35 
0.36 
0.35 
0.67 
0.66 
0.70 
0.28 
0.14 
0.24 
15.35 
15.69 
15.28 
Heat 3E4529 
Arc 
Ladle 
Vessel 
0 
11 
27 
3070 
2960. 
2790 
1690 
1625 
1530 
0.80 
NA 
0.77 
0.34 
NA 
0.50 
0.26 
NA 
0.08 
10.39 
NA 
10.23 
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There are a number of operating procedures (such 
as turning on the power in the arc furnace after taking the 
last sample) which can greatly change the bath temperature 
and chemical composition between arc furnace, ladle, and 
vessel.  The results of sampling showed that, in order to 
supply the most accurate initial values of bath temperature 
and chemical composition to the process control program, a 
sample should be taken from the AOD vessel immediately 
after charging. 
Predictive Ability, of the Simulation Model 
Figures 2-9 and Tables II-XI contain the results 
of comparisons between observed and predicted bath tempera- 
ture and chemical composition for the eighteen experimental 
production heats.  These comparisons are discussed below 
for each quantity examined. 
Temperature 
Table II shows that the mean absolute value of 
the difference or deviation, between the observed and 
predicted values of temperature was 4 9R (27K).  Table III 
also s.hows, however, that 20 of 82 observed deviations fell 
in the range -10R to +9R (-6K to +5K) and that 39 of 82 
observations fell in the range -30R to +29R (-17K to +16K). 
The mean absolute deviation for the temperature taken at 
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Table II 
Comparison Between Predicted and Observed Data 
Variable 
Temperature, °F 
(Temperature, °C) 
Carbon (wt %) 
Chromium (wt %) 
Manganese (wt %) 
Silicon (wt %) 
Nickel (wt %) 
Molybdenum (wt %) 
Copper (wt %) 
Average Magnitude 
of Deviation 
From Observed Value 
49 
(27) 
0.06 
0.58 
0.14 
0.07 
0.18 
0.05 
0.013 
Correlation Ratio 
of Data to Line 
of Equation Y = X 
0.608 
0.899 
0.973 
0.939 
0.738 
0.995 
0.996 
0.990 
No. of 
Observations 
82 
83 
83 
82 
83 
83 
83 
83 
(Correlation Ratio;= 
2(y0-y0)2 
2(y0-y0)2+ 2(yp-y0)2 
where y = Predicted value of y. 
y » Observed value of y. 
y = Mean observed value of y. 
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Table III 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed), Temperature, °F 
Range One * = Two Observations 
(/ after 10) 
No. of 
From To 
-51 
Observations 
-70 * 2 
-50 -31 ****£ 9 
-30 -11 *****/£ 11 
-10 9 *****/*****/ 20 
10 29 **** 8 
30 49 ***£ 7 
50 69 **** 8 
70 89 * 2 
90 109 **£ 5 
110 129 * 2 
130 149 *i 3 
150 169 0 
170 189 i 1 
190 209 * 2 
210 229 0 
230 249 . i 1 
250 269 0 
270 289 0 
290 309 i 1 
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Table IV 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed), Temperature, °C 
Range One * = Two Observations 
(/ after 10) 
No. of 
From To 
-31 
Observations 
-50 * 2 
-30 -11 *****/**£ 15 
-10 9 *****/*****/***£ 27 
10 29 *****/*** 16 
30 49 ***£ 7 
50 69 ***% 7 
70 89 *t 3 
90 109 *£      * 3 
110 129 0 
130 149 "i 1 
150 169 i 1 
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Table V 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed), Carbon, wt percent 
Range One * = Two Obs€rva 
(/ after" 10) 
.tions No. of 
From To Observations 
-0.100 -0.061 * 2 
-0.060 -0.021 *** 6 
-0.020 0.019 *****/*****/* 22 
0.020 0.059 *****/*****/**£ 25 
0.060 0.099 *****/**% 15 
0.100 0.139 **** 8 
0.140 0.179 * 2 
0.180 0.219 * 2 
0.220 0.259 - 0 
0.260 0.299 * 1 
*, 
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Table VI 
Frequency Distribution of Model Deviations From Observed Data 
 (Calculated - Observed), Chromium, wt percent 
Range 
From"      To 
-2.20 -1.81 
-1.80 -1.41 
-1.40 -1.01 
-1.00 -0.61 
-0.60 -0.21 
-0.20 0.19 
0.20 0.59 
0.60 0.99 
1.00 1.39 
1.40 1.79 
1.80 2.19 
One * *» Two Observations No. of 
(/ after 10) Observations 
i 1 
* 2 
0 
*i 3 
*****/** 14 
*****/*****/ 20 
*****/**** 18 
*****/* 12 
**** 8 
*i 3 
* 2 
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\ 
Table VII 
i 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed), Manganese, wt percent 
Range One * =■ Two Observations 
(/ after io) 
No. of 
From To Observations 
-0.90 -0.71 i 1 
-0.70 -0.51 * 2 
-0.50 -0.31 * 2 
-0.30 -0.11 *i 3  ' 
-0.10 0.09 *****/*****/*****/*****/* 42 
0.10 0.29 *****/*****/**£ 25 
0.30 0.49 **£ 5 
0.50 0.69 * 2 
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Table VIII 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed)t Silicon, wt percent 
Range One * = Two Observations 
(/ after 10) 
No. of 
From . To 
-0.86 
Observations 
-0.95 i 1 
-0.85 -0.76 0 
-0.75 -0.66 0 
-0.65 -0.56 i 1 
-0.55 -0.46 0 
-0.45 -0.36 3 
-0.35 -0.26 2 
-0.25 -0.16 **                           ,* 4 
-0.15 -0.06 *****/£ 11 
-0.05 0.04 *****/*****/*****/*****/*****/**** 58 
0.05 0.14 i 1 
0.15 0.24 i 1 
0.25 0.34 i 1 
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Table IX 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed), Nickel, wt percent 
Range One * = Two Observations 
(/ after 10) 
No. of 
From To 
-0.36 
Observations 
-0.45 i 1 
-0.35 -0.26 *i 3 
-0.25 -0.16 ** 4 
-0.15 -0.06 ****£ 9 
-0.05 0.04 > *****/*****/*****/****£ 39 
0.05 0.14 ***£ 7 
. 0.15 0.24 *** 6 
0.25 0.34 *** 6 
0.35 0.44 ** 4 
0.45 0.54. i 1 
0.55 0.64 0 
0.65 0.74 i 1 
0.75 0.84 i 1 
0.85 (4.50) i 1 
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Table X 
Frequency Distribution of Model Deviations From Observed Data 
(Calculated - Observed), Molybdenum, wt percent 
Range One * = Two Observations 
(/ after 10) 
No. of 
From To 
-0.35 
Observations 
-0.38 4 1 
-0.34 -0.31 * 2 
-0.30 -0.27 * 2 
-0.26 -0.23 i 1 
-0.22 -0.19 i 1 
-0.18 -0.15 0 
-0.14 -0.11 0 
-0.10 -0.07 * 2 
-0.06 -0.03 *i 3 
-0.02 0.01 *****/*****/*****/*****/*****/* 52 
0.02 0.05 ***£ 7 
0.06 0.09 '** 3 
0.10 0.13 *** 6 
0.14 0.17 * 2 
0.18 0.21 i 1 
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Table XI 
Frequency Distribution of Model Deviations From Observed Data 
,_ (Calculated - Observed) , Copper, wt percent 
Range 
From     To 
-0.055 -0.046 
-0.045 -0.036 
-0.035 -0.026 
-0.025 -p.016 
-0.015 -0.006 
-0.005 0.004 
0.005 0.014 
0.015 0.024 
0.025 0.034 
0.035 0.044 
0.045 0.054 
One * = Two Observations No. of 
(/ after 10) Observations 
i 1 
0 
* 1 
*****/* 12 
*****/***£ 17 
*****/**** 18 
*****/*****/ 20 
****£ 9 
** 4 
0 
* 1 
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the end of the first blowing step (10 to 15 minutes long) 
was 14R (8K). 
In general the temperature predictions of the 
model were reasonably good until commencement of the 1:3 
0,,/Ar stage and subsequent reduction period.  The thermo- 
dynamic data used in the heat balance to calculate the 
amounts of heat generated and consumed in bath reactions 
appear to be substantially correct; the occurrence of large 
deviations seemed to be attributable to simplifying assump- 
tions made to cover the complex items of scrap melting, 
vessel heat losses, and the reactions occurring during 
reduction of slag oxides.  A more sophisticated approach to 
these topics by the model, aldng with further study of the 
fundamental processes involved, might improve the model's 
ability to predict the bath temperature.  Any increase in 
the accuracy of predicting the bath chemical composition 
would also contribute to improving temperature predictions. 
Carbon and Chromium 
Table II shows that the mean absolute deviation 
from observed values of carbon content was 0.06 percent of 
carbon.  The mean absolute deviations of predicted values 
from observed values before and after the 1:3 0 /Ar refining 
period were 0.07 percent and 0.02 percent of carbon, 
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respectively.  Table V shows that 22 of 83 deviations 
observed fell within the range -0.020 to +0.019 percent of 
carbon, and that 53 of 83 fell within the range -0.060 to 
+0.059 percent of carbon.  The level of performance of the 
model in predicting carbon content was good to the start of 
the 1:3 0 /Ar blowing period at about 0.20 percent carbon, 
but became somewhat less satisfactory in predicting the 
endpoint carbon content (levels below 0.03 percent carbon). 
The mean absolute deviation of model predictions 
from observed values of chromium content was 0.58 percent 
' "of chromium, but Table VI shows that 52 of 83 deviations 
observed fell within the range -0.60 to +0.59 percent of 
chromium.  The largest deviations were observed in samples 
taken following large additions of high-carbon ferrochrome. 
An example of this behavior is seen in Figures 10-12, which 
represent predicted profiles of temperature, carbon content, 
and chromium content vs. time for one of the experimental 
Grade 409 heats (3E4499).  The prediction of the temperature 
profile for this heat agreed satisfactorily with observed 
data.  Figures 11 and 12 show that the model predicted 
higher carbon and chromium contents than were observed 
after adding ferrochrome; the predictions at the beginning 
and end of.the heat, however, agreed well with observed 
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data.  It appeared that the chromium and carbon were not 
finding their way into the molten metal as quickly.as 
25) 
expected.  A look at the iron-chromium phase diagram 
reveals that the melting point of an Fe-Cr alloy containing 
the same composition as the charge material (about 60 percent 
Cr) is approximately 2950°F (1620°C).  This temperature is 
in the high range of AOD operating temperatures, and in 
fact the temperature in the vessel at the time of the 
additions was less than 2950°F.  It is quite possible that 
the bulk of the high-carbon ferrochrome dissolves in the 
bath from the solid state rather than being melted.  If 
this were the case it would take longer to assimilate 
ferrochrome than most other solid charge materials such as 
scrap or ferronickel, and the model would predict higher 
carbon and chromium contents than observed. 
A better understanding of the mechanisms of solid 
charge dissolution in the bath would aid in improving the 
model predictions of carbon and chromium content.  In order 
V 
to improve the model's predictions of carbon below 0.03 per- 
cent, it may be necessary to further examine the assumptions 
and physical parameters embodied in the decarburization re- 
action model.  Any improvement in temperature predictions 
during the 1:3 0 /Ar refining period would also aid the 
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predictions of carbon and chromium, since the kinetics of 
decarburization are sensitive to temperature changes. 
Manganese 
The mean absolute deviation of model predictions 
from observed values of manganese content was 0.14 percent 
of manganese, and Table VII shows that 42 of 82 deviations 
observed fell within the range -0.10 to +0.09 percent of 
manganese.  An empirical relation was used to predict the 
average level of manganese in the bath, in the absence of 
information on the kinetics of manganese oxidation.  Results 
from the experimental heats, however, clearly show that 
manganese is removed in a manner which suggests that its 
oxidation rate is controlled by mass transport of one of the 
chemical species involved (as an example, see Figure 13). 
In order to make the model more fundamentally correct, ex- 
pressions for the rate of manganese oxidation should be add- 
ed. 
Silicon 
The mean absolute deviation of model predictions 
from observed values of silicon content was 0.07 percent of 
silicon, but Table VIII shows that 58 of 83 deviations 
observed fell within the range -0.05 to +0.04 percent of 
silicon.  This circumstance was due to the model assumption 
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that silicon is oxidized to 0.01 percent before appreciable 
oxidation of any other element in the bath occurs.  Data 
from the eighteen experimental heats bear out the assumption 
that the amount of silicon present in the metal during 
refining is less than 0.03 percent (as an example, see 
Figure 13) . 
Many of the largest deviations from observed val- 
ues are suspected to be due to incorrect chemical analyses, 
since they consist of a high-silicon sample taken between 
two samples with extremely low silicon, during refining with 
oxygen at a time when no charge materials of any kind were 
added to the vessel. 
Predicting the metal silicon content after reduc- 
tion of slag oxides requires accurate knowledge of the 
amounts of metallic elements oxidized during refining, and 
the metallic recovery one can expect to obtain.  Any infor- 
mation, therefore, which can improve the predictions of ox- 
idation of chromium, iron, and manganese will improve the 
ability to predict the final silicon level.  A statistical 
determination of metallic recovery trends in the AOD process 
would provide an empirical method of predicting silicon 
content, but a more satisfactory treatment would be to 
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perform studies to augment current knowledge of the kinetics 
of reactions between slags and molten metal. 
Nickel, Molybdenum, and Copper 
The mean absolute deviations of model predictions 
from observed values of nickel, molybdenum, and copper were 
0.18 percent of nickel, 0.05 percent of molybdenum, and 
0.013 percent of copper, respectively. Table IX shows that 
55 of 83 deviations observed for nickel fell within the' 
range -0.15 to 0.14 percent of nickel.  Table X shows that 
52 of 83 deviations observed for molybdenum fell within the 
range -0,02 to +0.01 percent of molybdenum.  Table XI shows 
that 55 of 83 deviations observed for copper fell within the 
range -0.015 to +0.014 percent copper.  It should be empha- 
sized that the 50 to 55 samples which fell within these 
ranges were not the same for all three elements. 
The model was very successful in predicting the 
nickel, molybdenum, and copper content of the steel, since 
these elements are.not oxidized during refining in the AOD 
vessel.  Because the amounts of these elements remained 
relatively constant in the steel, they served to identify 
samples within a heat and also provided a check on the re- 
corded weights and chemical composition of solid charge 
materials added to the bath.  Since the ability to predict 
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the amounts of these three elements provecL to be very good 
in general, the few large deviations between predicted and 
observed values were suspected to be caused by discrepancies 
between recorded and actual weights or chemical compositions 
of scrap or.alloys. 
Changes in Bath Temperature and 
Chemical Composition During Refining 
Since each of the eighteen experimental production 
heats was processed differently, it was necessary to select 
one typical heat as an example of the manner in which bath 
temperature and chemical composition change during the 
course of refining in the AOD vessel.  Figures 10-15 show 
the results of the simulation of Heat 3E4499 (Grade 409), 
and Table XII contains the processing details of the heat. 
During the initial refining stage immediately 
after charging the vessel, the temperature was predicted to 
rise gradually because the heat generated by silicon and 
manganese oxidation was counteracted by the heat consumed in 
dissolving a charge of burnt lime and dolomite into the 
slag.  After a short period of time the temperature rose 
rapidly with the onset of carbon, chromium, and iron oxida- 
tion.  Silicon and manganese were by this time at their 
assumed equilibrium levels in the metal. 
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Two separate additions of high-carbon ferrochrome 
were made during the early refining stages.  These additions 
boosted the levels of carbon, chromium and silicon in the 
bath.  The temperature continued to rise slowly, and then 
decreased because silicon in the ferrochrome was being ox- 
idized during the same period in which the charge was assum- 
ed to dissolve; the tVo effects combined to produce the tra- 
jectory shown in Figure 10. 
The simulated 1:3 0?/Ar refining step exhibited a 
plateau of slowly increasing temperature.  For the first 
time in the heat, the decarburization rate was limited by 
the oxygen flow rate; Figure 11 shows a region where the 
carbon content decreased at a constant rate, and Figure 12 
shows that no chromium was removed from the bath during the 
same period.  Eventually, though, the decarburization rate 
again became limited by mass transfer of carbon and the rate 
of chromium loss steadily increased to the end of refining. 
The simulated addition of a reduction mix caused 
the levels of chromium, manganese, and silicon in the metal 
to rise.  Due to the simplistic nature of the reduction 
simulation assumptions, the bath chemical composition was 
assumed to change immediately upon adding the reduction mix. 
The bath temperature was predicted to undergo a modest 
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decrease, when in reality the temperature decreased greatly 
during stirring.  The reason for the larger-than-expected 
temperature decrease is not known. 
Use of Nitrogen in AOD Refining 
Although the simulation model was not equipped to 
predict the nitrogen content of the bath at the time of the 
experiments, data on nitrogen absorption and removal were 
gathered during the eighteen experimental production heats. 
Figure 15 shows the nitrogen content of the bath during the 
processing of the example heat 3E44 99.  A moderate increase 
in nitrogen content occurred during tapping the arc furnace 
and charging the vessel.  The example heat used an 0 /m 
mixture up until Point (IV) in the figure.  The highest 
nitrogen content attained in the heat was 0.047 percent at 
the end of the O^/N^ refining stage.  The equilibrium nitro- 
gen content for the bath at that point in the heat was cal- 
23) 
culated to be 0.0 63 percent.  As noted by Fruehan,   the 
nitrogen level in the bath approaches but has difficulty 
reaching the equilibrium value during refining with 0 /N 
mixtures. 
After switching to 0_/Ar in a ratio of 3:1 for 
further refining, the nitrogen level dropped quickly, at a 
rate of about 0.002 percent/minute.  The rate of nitrogen 
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removal decreased during the 1:3 0 /Ar stage, and became 
very small after adding the reduction mix and during stir- 
ring with argon.  Nitrogen was purged from 0.047 percent to 
0.010 percent during refining, but only dropped from 
0.010 percent to 0.009 percent during all subsequent oper- 
ations. 
The point to be noted is that nitrogen is purged 
rapidly during refining, from near-saturation to very low 
levels.  Nitrogen was removed most rapidly during the period 
when much carbon monoxide was being generated in addition to 
the other gases injected.  Further experimentation is prob- 
ably necessary to determine if refining' with 0 /N mixtures 
exclusively, followed by argon rinsing, would result in the 
desired nitrogen level at a reduced cost.  If too much argon 
is used in the above plan to be feasible economically, the 
optimum point at which to cease using nitrogen as the di- 
luent must be determined.  Recently-formulated expressions 
22 23) for the kinetics of nitrogen absorption and removal  ' 
could be incorporated in the computer simulation to aid in 
selecting the optimum switchover point. 
Some Observations on the Results of Simulation Runs 
The simulation runs predicted substantially the 
same trends expected and observed in actual AOD operation. 
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A discussion of the possible causes of discrepancies between 
predicted and observed data has already been made.  Some 
minimal degree of scatter in the data was probably caused by 
occasional difficulties in sampling the heat and analyzing 
the steel samples.  Another source of error in making predic- 
tions would be any discrepancies between measured and actual 
weights and temperatures of the bath and solid charge mater- 
ials, and variations in the chemical composition of scrap or 
alloys from lot to lot.  Despite these sources of error and 
the inherent simplicity of the physical model, however, the 
simulation program was quite successful in predicting the 
temperature and chemical composition during the refining of 
two very dissimilar grades of stainless steel.  The model 
can be useful in predicting the consequences of changes in 
operating practice, and, with the present program as a 
basis, a charge control system can be constructed to calculate 
the materials and practice needed to produce a stainless 
steel heat with the desired temperature and chemical composi- 
tion. 
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Table XII 
Key to Roman Numerals in Figures 
Heat 3E4499 (Grade 409) 
I. 
II. 
II-III. 
III. 
III-IV. 
IV. 
IV-V. 
V. 
V-VI. 
VI. 
VI-VII. 
VII. 
VII-VIII. 
VIII. 
VIII-IX. 
Transfer Ladle Sample 
Vessel Sample 
Blow 1400 scfm 02 (39.65 m3/min) 
350 scfm N2  (9.91 m3/min) 
Vessel Sample 
Add 7000 lb High-Carbon Chrome (3175 kg) 
Blow 1355 scfm 02 (38.37 m3/min) 
345 scfm N2  (9.77 m3/min) 
Vessel Sample 
Add 3400 lb High-Carbon Chrome (1542 kg) 
Blow 1350 scfm,02 (38.23 m3/min) 
480 scfm Ar (13.59 m3/min) 
Vessel Sample 
Blow 450 scfm 02 (12.74 m3/min) 
1410 scfm Ar (39.93 m3/min) 
Vessel Sample 
Add 3000 lb Plain Carbon Steel Chips (1361 kg) 
4800 lb 50% Ferrosilicon 
Blow 1000 scfm Ar (28.32 m3/min) 
Vessel Sample 
(2177 kg) 
Slag Off (12 minutes) 
Delay, Vessel on Belly (51 minutes) 
Blow 1000 scfm Ar for 1 minute (28.32 m3/min) 
Add 350 lb Ferrosilicon (159 kg) 
Blow 1350 scfm 0o for 2 minutes (38.23 m3/min) 
       *• "i . 
400 scfm Ar 
Vessel Sample 
Add 350 lb Ferrosilicon (159 kg) 
Blow 1350 scfm 02 (38.23 m3/min) 
400 scfm Ar (11.33 m3/min) 
(11.33 mJ/min) 
(Continued) 
"& 
Table XII   (Continued) 
IX. Vessel Sample 
Slag Off (2 minutes) 
IX-X.        Blow 1000 scfm Ar (28.32 m3/miri) 
X. Vessel Sample 
Add 700 lb Aluminum (318 kg) 
X-XI.        Blow 1000 scfm Ar (28.32 m3/min) 
XI. Vessel Sample 
// 
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Conclusions 
A computer-simulation model of the AOD process for 
refining stainless steel was developed, and multiple tempera- 
ture measurements and steel samples were obtained during the 
processing of eighteen production AOD heats of stainless 
steel.  The molten metal chemical composition and temperature 
were found to change significantly during transfer between 
the electric arc furnace and the vessel.  Consequently, it 
was necessary to use data from the samples taken from the 
vessel before refining in order to provide accurate initial 
conditions for the computer-simulation of the refining of 
the eighteen test heats. 
The model had the capability to simulate all 
phases of AOD processing between charging and final slag 
reduction, which included the selection of process gas flow 
rates, length of each refining step, and the types and 
amounts of coolant, flux, and alloying additions to the 
bath.  The model was simple and compact enough to be run on 
even a small BASIC-capable microcomputer, and its predictions 
of bath temperature and chemical composition agreed quite 
well with the conditions observed during refining of both 
Grade 409 ferritic and Grade 316 austenitic stainless steels. 
Based on the performance of the model to date, it would be 
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possible to plan improved operating strategies using the 
model to simulate the effects of changes in operating condi- 
tions on the bath temperature and chemical composition 
during AOD refining.  In addition, the basic reaction model 
could be incorporated into a process control program to 
calculate the operating steps necessary to make a heat of 
stainless steel with the desired final temperature, weight, 
and chemical composition. 
Recommendations for Future Work. 
The predictions of molten metal temperature and 
chemical composition made by the model can and should be 
improved, albeit accompanied by an increase in the computer- 
simulation program's size and complexity in many of the 
areas covered.  The following items of inquiry are suggested 
in order to improve the predictive accuracy of the model and 
to eliminate as many simplifying assumptions as possible. 
1) Studies of the" kinetics of melting and dissolu- 
tion of solid materials added to molten metal (e.g., adding 
coolant scrap and ferroalloys during refining) and their 
effect on the bath temperature and chemical composition as a 
function of time. 
2) A more rigorous model of conductive, convective, 
and radiative heat losses from an AOD vessel. 
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3) Studies of the kinetics of oxidation of mangan- 
ese and silicon dissolved in molten steel during AOD refining. 
4) Addition of expressions for the rate of absorp- 
tion or removal of nitrogen from molten steel in the AOD 
process. 
5) Studies of the reactions in AOD refining which 
occur when oxygen is not being injected into the bath; e.g., 
after slag reduction. 
Further improvements in the model's predictive 
ability could also be made by periodically re-verifying and 
updating some of the empirical relationships assumed in the 
model, using current operating data.  It would still be 
desirable, however, to eliminate the use of empirical correla- 
tions if fundamental expressions are as readily available. 
In many cases, such as in the treatment of scrap melting, a 
simplifying assumption or empirical relationship provides 
the only recourse. 
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Appendix A 
\ 
The AOD Computer Simulation Program 
The computer program used in this work to simulate 
AOD refining of stainless steels was intended for use in a 
process control system for a production AOD facility.  The 
use of empirical information was minimized, and basic thermo- 
chemical principles were used as much as possible, so that 
the model might be applied without modification to a wide 
range of alloys produced in the AOD vessel.  At the same 
time, simplicity was stressed where such practice would not 
compromise the predictive ability of the model. 
The simulation program was written in BASIC com- 
piler language.  BASIC is a simple, scientifically-oriented 
language which is available on many small microcomputers 
used in steelmaking shops as well as at large computing 
sites.  The simulation experiments were run on the Honey- 
well 6060 time-sharing system at United States Steel's 
Applied Research Laboratory.  The model was written for 
interactive rather than batch processing, so that operating 
changes might be made based on the "process behavior up until 
the time of the change, as is done in actual operation. 
Initial values of molten charge temperature, 
weight, and chemical composition are supplied to the model, 
A-l 
and the process gas flow rates are selected for the refining 
step.  Ferroalloys, fluxes, or coolant scrap can be added at 
any time during refining.  The model updates the following 
information in user-selected intervals from as small as one 
minute to as large as the entire length of the current 
refining step: 
1.  Bath weight. 
^ 2.  Bath temperature and change in temperature 
since last printing. 
3. Bath chemical-composition:  weight percent of 
carbon, manganese, silicon, chromium, iron, nickel, moly- 
bdenum, copper. 
4. Total volume of each process gas injected. 
5. Approximate slag weight based on fluxes added 
and metallics oxidized. 
6. The kinetic rate and the oxygen-limited rate 
of decarburization. 
7. Total weight of each element removed by oxida- 
tion. 
8. Running time count. 
Descriptive flow charts of the model and its sub- 
routines are shown in Figures Al-8. Figure A5 is a listing 
of the Runge-Kutta algorithm used to solve the decarburiza- 
tion rate equations. 
A-2 
A 
Figure Al. AOD Simulation Program Flow Chart 
1. Input process gas flow rates 
(Subroutine I.) 
i 
2. Input molten charge chemistry 
Input ladle weight full, empty 
Input initial temperature 
3. Calculate bath weight 
Absolute temperature (K) 
4. Input any temperature corrections; 
Input charge materials and 
amounts of each material 
5. Input length of refining step (I) 
and printing interval (J) 
Subroutine 
Subroutine 
±f^ ._ 1J- 
A-3 
Figure Al.  (Continued) 
6. Loop to calculate temperature 
and bath chemical composition 
during the refining step i<J 
*■ 
7. Solution of differential equations; 
Mass and heat balance loop J<J 
8. Print time 
Bath temperature 
Bath weight 
Bath chemical composition 
Yes 
•9. Continue? 
No 
10. Stop 
A-4- 
Figure A2.  Details of the Mass and Heat 
Balance Loop (7) 
_^ Save current values of bath 
chemical composition 
V 
Calculate mole fractions of 
each element in the bath 
j.LT.J 
V 
m.LT.5 
Calculate K 
Yc 
Rl = Kinetic d%C/dt 
R2 - 02 - limited d%C/dt 
No 
-Is Rl < R2? 
Yes 
Decarburization rate = Rl 
Decarburization rate = R2 
N  
Numerical solution of 
decarburization equations ^ 
Mass and heat balance update 
Continue (8) 
A-5 
Subroutine 
III 
Subroutine 
==© 
Figure A3.  Subroutine I. for Selecting 
Process Gas Flow Rates 
|—No Using nitrogen? 
Yes 
Input 0„:Ar:N2 Ratio- 
-> Input 02:Ar Ratio 
«e  
Input Total Gas Flow Rate 
Calculate moles/min of 0„ 
Ar 
N2 
Return 
A-6 
Figure A4.  Subroutine II. for Making 
Solid Charge Additions 
No 
«-No 
-Making a temperature correction? 
Yes 
V 
Input revised temperature 
Making bath additions? 
Input addition code and weight 
to be added to bath 
Addition Code = "NONE"? 
Yes 
Was ferrosilicon added? 
No 
Subroutine 
Yes 
Calculate weight of each 
element in bath; 
Calculate total bath weight 
V 
A-7 
Figure A4.  (Continued) 
No %Si .GT. 0.03 or 
manganese added? 
Yes 
Calculate loss of Mn, Si; 
Calculate time of oxidation 
and volume of gases used; 
Calculate new bath weight 
Recalculate bath chemical composition 
Return 
A-8 
Figure A5.  Subroutine III. Runge-Kutta Algorithm 
f      Written in BASIC Compiler Language 
M = M + 1 
0N M GO TO 1, 2, 3, 4, 5 
1 RETURN 
2 F0R J = 1 T0 N 
S(J) = Y(J) 
P(J) = F(J) 
Y(J) = S(J) + 0.5 * H * F(J) 
NEXT J 
X = X + 0.5 * H 
RETURN 
3 F0R J = 1 T0 N 
P(J) = P(J) + 2 * F(J) 
Y(J) - S(J) + 0.5 * H * F(J) 
NEXT J 
RETURN 
4 F0R J ■ 1 T0 N 
P(J) = P(J) '+ 2 * F(J) 
Y(J) ■ S(J) + H * F(J) 
NEXT J 
X - X + 0.5 * H 
RETURN 
5 F0R J = 1 T0 N 
Y(J) = S(J) + (P(J) + F(J)) * H/G 
NEXT J 
M = 0 
RETURN 
A-9 
Figure A6.  Subroutine IV. Mass Balance 
Calculate amounts of carbon, 
chromium and iron oxidized; 
Calculate new bath weight 
Sum the amounts of C, Cr, Fe 
oxidized; 
Sum the amounts of each process 
gas used 
Recalculate bath chemical 
composition 
Calculate slag weight and nominal 
composition 
Subroutine 
Calculate new temperature ^O 
Return 
A-10 
Figure A7.  Subroutine V. Heat Balance 
Yes 
Calculate heat generated and 
heat absorbed during interval 
Has the arbitrary scrap melting 
period been exceeded? 
No 
Subtract heat required to melt 
solid charge during the interval 
Calculate total available heat = 
heat generated - heat absorbed 
Calculate new bath temperature 
Return 
■*\ 
A-l'l 
Figure A8.  Subroutine VI. to Model Reduction Step 
Yes 
Calculate moles of Mn, 
Cr, and Fe in slag 
Calculate moles of Si available 
for reduction reaction 
Is available Si.GT.Si 
required for 100% 
reduction? 
No 
Calculate amounts of Cr, Mn, and Fe 
returned to bath (same ratio in — 
which each element was oxidized) 
Calculate amounts of Cr, Mn, Fe, and Si 
which enter bath (100% recovery) 
Calculate new bath weight; 
new slag weight 
Calculate heat absorbed and 
heat generated in the 
reduction step 
I 
Return 
A-12 
Appendix B 
Mass Balance 
The mass balance is based primarily upon 
12) 
Fruehan's   reaction model for AOD refining.  The solution 
to the differential equations governing decarburization is 
approximated numerically.  The bath weight and chemical com- 
position, slag weight, weights of each element oxidized, and 
total volume of each process gas injected are calculated as 
a function of time over the refining period.  Assumptions 
used in formulating the mass balance for each element in the 
bath during refining are explained below. 
Carbon 
Equations (7) and (8) in the text are solved to 
obtain both the kinetic and the maximum possible (oxygen- 
limited) decarburization rate during refining.  The model 
selects the slower of the two rates, and calculates the 
current carbon content of the bath.  The process is repeated 
every H minutes, where H is the integration step size.  This 
parameter is adjustable within the program; a stable and r 
efficient integration has been achieved with a step size of" 
0.10 minutes.  Table Al contains the values of physical par- 
ameters assumed in solving the rate equations. 
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Chromium and Iron 
It is assumed that neither element undergoes net 
oxidation unless the kinetic decarburization rate is less 
than the oxygen-limited rate.  Oxygen which is not consumed 
by carbon during the interval contributes to net oxidation 
of chromium and iron.  Ninety percent of the excess moles of 
oxygen combine with chromium, and ten percent combine with 
12) iron, based on empirical observations. 
Manganese 
In the absence of information on the kinetics of 
manganese oxidation in the AOD process, a working assumption 
was made that manganese rapidly oxidizes to a stationary 
level at the beginning of refining.  That level was chosen 
to be 0.13 percent of manganese less than the initial level, 
based on previous experience.  It would be desirable to add 
expressions for the rate of oxidation of manganese to the 
model. 
Silicon 
Silicon is assumed in the model to be oxidized to 
a low level (0.010 percent) before oxidation of any other 
element begins.  If silicon contained in certain charge 
additions raises the bath silicon content during refining, 
the model causes silicon to again be oxidized to the low 
A-14 
level while the oxidation of other elements ceases during 
the interval. 
Nickel, Molybdenum/ and Copper 
These three elements were assumed to remain in the 
molten metal without being oxidized during refining'. 
Weight of the Bath and Slag 
The bath weight is the sum of the weights of iron, 
carbon, manganese, silicon, chromium, nickel, molybdenum, 
and copper added to the vessel during refining, minus the 
weights of iron, carbon, manganese, silicon, and chromium 
oxidized during refining.  The slag weight is the sum of the 
weights of FeO, SiO_, MnO, and Cr 0. formed during refining, 
plus the weight of CaO added during refining, plus an assumed 
5000 pounds (2270 kg) of slag carried over from the electric 
arc furnace. 
Slag Reduction 
The computer model simulates the effect of adding 
ferrosilicon to the bath at the end of refining. The sili- 
con added to the bath is assumed to reduce FeO, MnO, and 
Cr 0 in the slag until silicon is at 0.01 percent in the 
bath, or until all available metal oxides are reduced. The 
reduction is assumed to be 100 percent efficient. The bath 
gains additional iron, manganese, and chromium, but loses 
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part of the silicon added.  The slag loses the weight of 
FeO, MnO, and Cr20  but gains SiO . 
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Appendix C 
Heat Balance 
The heat balance calculates the bath temperature 
as a function of time, based on the amounts of heat generat- 
ed and consumed during each integration interval.  A refer- 
ence temperature of 77°F (298K) was used to formulate the 
heat balance.  The sources of heat 'to the process are con- 
sidered to be:  exothermic reactions during refining; and 
the sensible heat of all process inputs (molten charge, 
process gases, solid charge additions).  Heat is consumed: 
in raising the temperature of all process outputs (slag, 
steel, waste gases); in anyen.dothermic reactions occurring 
during the process; and in the form of heat losses from the 
vessel to the surroundings.  It was assumed that the slag 
and molten steel are at the same temperature, and that 
, process gases enter the bath at the reference temperature 
and exit at the bath temperature.  The latter assumption may 
be adjusted to reflect any available data on waste gas 
temperatures. 
Heat Generated by Chemical Reactions 
Table A2 contains values of the specific heats of 
materials considered in the heat balance, and Table A3 lists 
the chemical reactions considered in the model and the heat 
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effect of oxidizing or reducing a unit mass of each material. 
Values of the heats of reaction were obtained from expressions 
for the standard free energy of reaction in most 
cases,      assuming that AH° is approximately constant 
over a wide range or steelmaking temperatures. 
Melting Solid Charge Materials 
Table A4 lists the heat effects of adding various 
solid charge materials to the bath.  Fundamental relations 
concerning the melting of a solid material in a liquid are 
quite complex and usually not widely applicable to the 
actual processes of scrap and alloy melting.  The simplified 
approach taken by the model is to assume a constant rate of 
melting over a finite period of time.  The melting time was 
chosen from experience to be five minutes.  Five minutes is 
somewhat longer than the amount of time allowed for stirring 
in coolant scrap before tapping a heat; unmelted scrap was 
almost never observed during tapping under these circum- 
stances. 
Vessel Heat Losses 
Heat loss rates vary from vessel to vessel, from 
heat to heat due to changing refractory thickness, and even 
during an individual heat.  As the vessel is rotated, for 
example, the area of working lining in contact with molten 
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steel changes, affecting the rate of conductive heat losses. 
The rate of radiant heat loss through the vessel mouth is 
greater in the charging and sampling positions than in the 
upright position (when the mouth is hooded).  Since vessel 
heat losses are not in general a large fraction of the total 
heat generation rate, it is difficult to justify a complica- 
ted heat loss model for the purpose of AOD process control. 
The model operates under the simplifying assumption 
that heat is lost at a constant rate from the vessel during 
operation.  The heat loss rate was estimated from plant data 
5 
and thumbnail calculations to be on the order of 10  BTU/min 
4 (2.5 x 10  kcal/min).  The calculations which led to the 
selection of the value of the heat loss rate follow. 
Sample Calculation of Magnitude of 
Heat Losses from an AOD Vessel  
In order to estimate roughly the magnitude of heat 
losses from an AOD vessel similar to that shown in text 
Figure 1, the following approximate dimensions for a 100- 
ton (90 tonne) vessel are specified: 
Diameter of vessel mouth     = 5.25 ft (1.60 m) 
Vessel height = 19.7 ft (6.0 m) 
Inside diameter of Bottom    = 6.25 ft (1.91 m) 
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Inside diameter of cylindri = 10.5 ft (3.20 m) 
cal section 
Volume of conical bottom = 281 ft3 (7.96 m3) 
Surface area of conical = 173 ft (16.1 m ) 
bottom 3        3 Volume of cylindrical barrel  = 455 ft  (12.9 m ) 
Surface area of cylindrical   = 175 ft  (16.3 m ) 
barrel 
Total surface area = 550 ft  (51.1 m ) 
The volume of 100 tons of steel is 
200,000 (lbs)/490 (lbs/ft3)   = 408.2 ft3 (11.6 m3) 
When the vessel is upright, the inside surface area wetted 
by steel is 
(area of conical bottom) + (area of a cylinder 10.5 ft. 
in diameter and 1.5 ft. 
tall) 
= 173 ft2 + 50 ft2  =    223 ft2 (20.7 m2) 
Heat losses from the vessel are primarily a result 
of radiative and conductive heat transfer through the mouth 
and shell of the. vessel.  The loss of heat due to convection 
6) 
at the vessel walls is considered to be small. 
Steady-State Heat Flow Through the Vessel Walls 
Consider the simple one-dimensional representation 
of conductive heat transfer through the shell as shown in 
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Figure A9.  The following values for the variables pictured 
in Figure A9 are assumed: 
T  = inner shell temperature = 3000°F (1650°C) 
T  = outer shell temperature = 600°F (315°C) 
(from ref. 29) 
x = working lining thickness = 1.25 ft (38 cm) 
x = safety lining thickness = 0.375 ft (11 cm) 
x  = steel shell thickness = 0.10 ft (3 cm) 
Thermal conductivities (from Ref. 3 0): 
k  = k  = 2 W/m°K (1.15 BTU/hr•ft•"Rf 
k  =      40 W/m°K (23.04 BTU/hr•ft•°R) 
The steady-state conductive heat flux through the wall is 
T  - T 
£ =  1 2  = 1693 Btu/ft2«hr (28.2 BTu/ft2«min) A    X     X_    X _ 
kl   k2   k3 
For the assumed vessel configuration, the conductive heat 
loss rate through the steel-wetted portion of the vessel is 
2 2 2™. 
28.2 (BTU/ft «min) • 223 (ft ) = 6,290 min (111 kW) 
Since the temperature differential between the inner and 
outer wall surfaces is expected to be less for the unwetted 
portion than the wetted portion of the vessel, the conductive 
heat loss rate is expected to be less through the unwetted 
walls.  The total conductive heat loss rate is estimated to 
be about 14,000 BTU/min (247 kW). 
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Steady-State Radiative Heat Losses 
Heat radiated from the vessel walls and from the 
mouth of the vessel'-comprise the total radiative heat 
losses.  At steady state the amount of heat radiated from 
the walls is approximately equal to the amount of heat 
transferred by conduction through the walls, assuming that 
convective heat losses are small.  The following calculation 
is performed to test the above assumption. 
Q . 4    4 
— = radiative heat flux = ae(T  - T ) 
A OS 
— 8 
where     a = Stefan-Boltzmann constant = 0.1714 x 10 
BTU/hr»ft *X°F)^ 
= 5.669 x 10  W/m K 
e = emissivity of the shell = 0.80 (from Ref. 30) 
T = absolute temperature of surroundings = 537°R 
S
   (298 K) 
T = absolute temperature of shell = 1060°R 
°   (589 K) 
| = 1,617 BTU/hr-ft2 
The heat loss rate from the shell surface by radiation is 
roughly 
1617 (BTU/hr-ft2) • 550 (ft2) • 1 hr/60 min = 14,800 
BTU/min 
(260 kW) 
A-22 
It can be seen that the amount of heat radiated from the 
shell is approximately equal to the amount of heat conducted 
through the vessel walls. 
Radiative Heat Losses from the Vessel Mouth. 
Investigators have found that the mouth of an 
oxygen converter may be assumed to radiate heat essentially 
as a black body in the shape of a disk.    Using this 
assumption, the following calculation may be made. 
— = radiative heat flux through the vessel mouth 
4    4 
= ae(T_ - T ) I    s 
where T  = assumed temperature of the "black body" = 3460°R 
(1922 K) 
e = one, for a black body. 
The temperature T  is higher when the vessel is hooded be- 
cause a large portion of the radiated heat is reflected 
back to the vessel.  Assuming T = 2960°R (1644 K) when the 
vessel is up, and 537°R (298 K) when down: 
4    4       '   BTU Q(down) = ae(T* - T )A = 88,580 ^^ (1,560 kW) I    s min 
Q(up) = 45,500 BTU/min (800 kW) 
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Based on these rough calculations, steady-state 
radiative heat losses account for over three-fourths of the 
total heat loss rate when the vessel is in the vertical po- 
sition.  The total heat loss rate from a 100-ton (90 tonne) 
AOD vessel is about 60,000 BTU/min (1,055 kW) in the vertical 
position. 
As further experimental verification, it was 
noted during the experimental heats that a temperature loss 
of 1-2 °F/min accompanied any delays in processing the 
heats. 
A temperature loss of this magnitude corresponds to: 
Q = m c  AT = (200,000 lbs)(0.205 BTU/lb °F) AT 
P 
= 41,000 to 82,000 BTU/min. 
(722 to 1444 kW) 
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Table Al 
Values of Physical Parameters 
Used in Text Equations (3) Through (7) 
« = rate parameter of Equation (7) = 
0.12 min*"1. 
Y = activity coefficient of carbon in 
c
  Fe-Cr-C melt / 
= exp [2.302585 * (0.22(%C) - 0.024(%C) 
- 0.25)] 
y  =1.0 (assumed) 
Cr 
K = equilibrium constant for reaction (1) 
40 970 
exp [2.302585 * (27.31 -   '^  ) ] 
P = average total pressure of the gas bubbles 
in the bath = 1.5 atm 
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Table A2 
Values of Thermodynamic Properties 
Used in the Simulation Program— 
Specific Heats of Materials 
- 
yjf 
Spec :ific Heat 
Material Btu/lb 
0.205 
°R (kcal/kg °K) 
Molten Steel (0.205) 
Slag 0.320 (0.320) 
Argon 0.120 (0.120) 
Carbon Monoxide 0.307 (0.307) 
Nitrogen 0.305 (0.305) 
Oxygen 0.280 (0.280) 
Values taken from Refs. 25-28. 
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Table A3 
Values of Thermodynamic Properties 
Used in the Simulation Program— 
Heat Effects of Reactions Considered in the Model" 25-:28) 
Reaction 
AG„ A+BT 
A, B, 
(cal/g mole)  (cal/g mole.K) 
Heat of 
Reaction, 
Btu/lb of X 
C + 1/2 02(g) = CO(g) 
CaO(s) =.CaO (dissolved 
in slag) 
2 CaO(s) + Si02(s) = 
Ca2SiO,(s) 
2 Cr + 3/2 02(g) = 
Cr203(s) 
Fe(l) + 1/2 02(g) - 
FeO(l) 
2 FeO(l) + 1/2 02(g) = 
Fe203(s) 
Mn + 1/2 02(g) = MnO(s) 
Si + 02(g) = Si02(s) 
-33,350 -10.17 
-30,200 -1.2 
-4995 
+960 CaO 
-1930   Si 
-280,550 +83.97 -4850 Cr 
-56,900 +11.82 -1840 Fe 
-1300 Fe 
-97,550 +30.33 -3050 Mn 
-198,000 +53.62 -12,700 Si 
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Table A4 
Values of Thermodynamic Properties 
Used in the Simulation Program— 
Heat Effect of Adding Various Solid Charge Materials 
Name of Charge Material 
Heat Effect of Adding Material, 
(positive = endothermic) 
Btu/lb material kcal/kg material 
Aluminum wire 
Aluminum cylinders 
-135 
4 
-75 
2 
Calcium-Silicon 980 545 
Ferrochrome (6% C) 850 
Ferrochrome (0.01% C) 665 
Simplex Chrome 650 
Ferromanganese (low C) 700 
Ferromanganese (medium C) 730 
Ferromanganese (high C) 840 
Electrolytic Mn 730 
Massive Manganese 730 
Ferromolybdenum 430 
Moly-oxide 1120 
Inco Sinter 75 (NiO) 1280 
Incoraet 96 510 
Nickel briquettes 510 
Ferronickel (50% Ni) 600 
Ferrosilicon (16% Si) 640 
Ferrosilicon (50% Si) 310 
Ferrosilicon (65% Si) 20 
Ferrosilicon (75% Si) -210 
Ferrosilicon (90% Si) -570 
Ferrosilicon (96% Si) -640 
470 
370 
360 
390 
405 
465 
405 
405 
240 
620 
710 
285 
285 
335 
355 
170 
10 
-115 
-315 
-355 
Steel scrap (all types) 615 340 
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1 - Working lining of 
AOD vessel 
2 - Safety lining 
3 - Steel shell 
Figure A9 Steady-State One-Dimensional Heat Flow 
Through a Composite Wall. 
A-29 
Vita 
Thomas Arthur Castle, son of Robert Bynumn Castle 
and Pauline Watling Castle, was born in Blossburg, 
Pennsylvania, on March 16, 1956.  He graduated from 
Liberty High School in Liberty, Pennsylvania, in June 
of 1974, and entered Lehigh University in September of 
1974.  Mr. Castle was a Lehigh National Merit Scholar, 
and he shared the William Whigham Prize given to the 
top-ranked freshman engineering student.  He also was a 
member of ASM and Tau Beta Pi, the national honorary 
engineering society, and served as a vice-president of 
the Student Metallurgy Society. 
Mr. Castle graduated with highest honors from 
Lehigh in May 1978 with a B.S. degree in Metallurgy and 
Materials Engineering.  He also won the Bradley Stoughton 
Prize given to an outstanding senior in the department. 
During 1978 and 1979, Mr. Castle was engaged in a 
co-operative program of graduate research sponsored by 
the United States Steel Corporation and Lehigh University. 
A-30 
